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Human coronavirus NL63 (HCoV-NL63), a recently discovered member of the Coronaviridae family, has 
spread worldwide and is associated with acute respiratory illness in young children and elderly and immu- 
nocompromised persons. Further analysis of HCoV-NL63 pathogenicity seems warranted, in particular be- 
cause the virus uses the same cellular receptor as severe acute respiratory syndrome-associated coronavirus. 
As there is currently no HCoV-NL63-specific and effective vaccine or drug therapy available, we evaluated 
several existing antiviral drugs and new synthetic compounds as inhibitors of HCoV-NL63, targeting multiple 
stages of the replication cycle. Of the 28 compounds that we tested, 6 potently inhibited HCoV-NL63 at early 
steps of the replication cycle. Intravenous immunoglobulins, heptad repeat 2 peptide, small interfering RNA1 
(siRNA1), siRNA2, B-p-N*-hydroxycytidine, and 6-azauridine showed 50% inhibitory concentrations of 125 
pg/ml, 2 wM, 5 nM, 3 nM, 400 nM, and 32 nM, respectively, and low 50% cytotoxicity concentrations (>10 
mg/ml, >40 pM, >200 nM, >200 nM, >100 pM, and 80 pM, respectively). These agents may be investigated 


further for the treatment of coronavirus infections. 


Coronaviruses are enveloped viruses with a positive, single- 
stranded RNA genome of approximately 27 to 32 kb. The 5’ 
two-thirds of their genome encodes a polyprotein that contains 
all proteins necessary for RNA replication. The 3’ one-third 
encodes several structural proteins, such as spike (S), envelope 
(E), membrane (M), and nucleocapsid (N), that, among other 
functions, participate in viral budding and are incorporated 
into the virus particle. Nonstructural accessory protein genes 
are also present in the 3’ part of the genome, at a position and 
arrangement that is characteristic for each of the different 
coronavirus groups. 

Coronavirus infection starts with the recognition of a specific 
receptor on the host cell surface by an S protein, followed by 
virus internalization, which occurs either immediately by direct 
fusion with the plasma membrane or after endocytosis. Fusion 
of the viral membrane with the cellular membrane triggers the 
release of the viral RNA genome into the host cell cytoplasm. 
Viral RNA is copied by the viral replicase in membrane-asso- 
ciated replication centers (14). During the replication process, 
copies of the full-length genomic RNA and a nested set of sub- 
genomic mRNAs are generated. These subgenomic mRNAs 
are functional templates for the translation of the structural 
proteins encoded in the 3’ one-third of the genome. Full- 
length viral RNA is encapsidated and released from the host 
cell as an infectious virus particle. 

Human coronavirus NL63 (HCoV-NL63), a recently discov- 
ered (45, 55) member of the Coronaviridae family, has spread 
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worldwide, is observed most frequently in the winter season, 
and is associated with acute respiratory illness and croup in 
young children, elderly people, and immunocompromised pa- 
tients (2, 6, 15, 25, 29, 40, 53-56). A recent report suggested 
that HCoV-NL63 is the causative agent of Kawasaki disease 
(28), although other studies did not confirm this relationship 
(7, 26, 49). In the developed world, Kawasaki disease is the 
most common cause of acquired heart disease in children (37, 
47). Further analysis of HCoV-NL63 pathogenicity seems war- 
ranted, in particular because the virus uses the same cellular 
receptor as severe acute respiratory syndrome-associated CoV 
(SARS-CoV) (34). 

An effective antiviral treatment is required for HCoV-NL63- 
infected patients who are admitted to the intensive care unit 
due to acute respiratory disease. To investigate the therapeutic 
options, we tested several potential inhibitors that target spe- 
cific steps of the coronavirus life cycle, e.g., receptor binding, 
membrane fusion, transcription, translation, posttranslational 
processing, and virus release. The compounds inhibiting the 
early phase of HCoV-NL63 infection appeared to be the most 
potent antivirals. 


MATERIALS AND METHODS 


Antiviral agents. Information about all 28 tested compounds is summarized in 
Table 1. The 50% inhibitory concentrations (IC;9s; based on the cytopathic effect 
[CPE] reduction assay and viral yield) and 50% cytotoxic concentrations {CCs59s; 
based on the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 
(4-sulfophenyl)-2H-tetrazolium] inner salt assay} were determined for each an- 
tiviral agent. Human sera obtained from healthy adults were inactivated by 
incubation for 30 min at 56°C and stored at —80°C until use. 

Plasmid construction, bacterial protein expression, and purification. For the 
production of the HR1 and HR2 peptides corresponding to amino acid residues 
955 to 1064 (HR1) and 1241 to 1285 (HR2) of the HCoV-NL63 spike protein, a 
PCR fragment was prepared with the plasmid carrying the HCoV-NL63 spike 
gene (34). The primers 5’-GCGGATCCCAAGCACGACTTAACTATG-3’ and 
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TABLE 1. Antiviral agents tested 


Agent Source Solvent* 
S-Nitroso-N-acetylpenicillamine Calbiochem DMSO 
2,2'-(Hydroxynitrosohydrazino) Sigma Water 

bis-ethanamine 

Calpain inhibitor VI Calbiochem DMSO 
Calpain inhibitor II Sigma DMSO 
Glycyrrhizin Sigma DMSO 
Chloroquine phosphate Sigma Water 
Aurintricarboxylic acid Calbiochem 0.1 M NaOH 
Valinomycin Calbiochem DMSO 

Escin Sigma DMSO 
Reserpine Sigma DMSO 
Pentoxifylline Calbiochem Water 
2',5-Dichloro- Sigma DMSO 

4'-nitrosalicylanilide 

6-Azauridine Sigma Water 
Hygromycin B Sigma Water 
Dipyridamole Sigma DMSO 
Actinomycin D Sigma Water 
Ribavirin Sigma Water 

HR peptide 1 Water 

HR peptide 2 Water 
siRNA1 QIAGEN Buffer (supplied) 
siRNA2 QIAGEN Buffer (supplied) 
IVIG Sanquin Water 
B-p-N*-hydroxycytidine NIH AIDS Reagent DMSO 

Program 
Ritonavir Abbott Laboratories DMSO 
Nelfinavir Agouron DMSO 
Pharmaceuticals 

Indinavir Merck & Co. DMSO 
Saquinavir Roche DMSO 
Amprenavir GlaxoWellcome DMSO 


* DMSO, dimethyl sulfoxide. 


5'-CGAATTCAAGTAATTAATCTGTCAACTTG-3’ were used for the ampli- 
fication of HR1, and the primers 5'-GCGGATCCTTTAATTTAACATATCTT 
AATTTG-3' and 5'‘-CGAATTCACAACTTCAAATCAACATATGT-3’) were 
used for HR2. Bacterial expression and purification were then performed essen- 
tially as described previously (12), with a few modifications. Lysozyme (100 
pg/ml), dithiothreitol (DTT; 7 mM), and sarkosyl (1%) were added to phenyl- 
methylsulfonyl fluoride (PMSF; 1 mM) prior to sonication, and Triton X-100 
(2.8%) was added to the supernatant after centrifugation, prior to glutathione- 
Sepharose 4B purification. Production of the murine coronavirus (murine hep- 
atitis virus [MHV] strain A59) HR2 peptide has been described previously (13). 

Selection of siRNA sequences. The small interfering RNAs (siRNAs) were 
designed and synthesized by QIAGEN (QIAGEN, Benelux B.V.) with the Hi- 
Performance design algorithm (Novartis AG) and integrated with a stringent 
homology analysis tool (QLAGEN). The siRNAs were synthesized using a TOM 
amidite chemistry process, yielding >90% purity, as determined by ion-exchange 
high-performance liquid chromatography analysis. Oligonucleotides were pro- 
vided as annealed double-strand siRNA (Table 2). The sequence and identity of 
each siRNA were confirmed using matrix-assisted laser desorption ionization— 
time of flight spectrometric analysis. The stock and working solutions were pre- 
pared according to the manufacturer’s protocol (QIAGEN). As a negative control, 
we used siRNA targeting Rattus norvegicus mRNA collybistin 1 (GenBank accession 
number AJ250425). Sequences of siRNA were BLAST analyzed (using the NCBI 
database “Search for short, nearly exact matches” mode) against human se- 
quences to exclude those siRNA sequences with potential targets in the human 
genome. 

Cell culture. LLC-MK2 cells were cultured in minimal essential medium 
(MEM; 2 parts Hanks’ MEM and 1 part Earle’s MEM) supplemented with 3% 
heat-inactivated fetal calf serum (PAA Laboratories), penicillin (100 U/ml), and 
streptomycin (100 g/ml). Twenty-four hours prior to transfection, the cells were 
plated onto 96-well plates at a density of 2 x 10* cells/well in fresh medium (100 
pl per well) and cultured at 37°C with 5% CO. Twenty-four hours prior to the 
addition of the drug, cells were plated onto 96-well plates at a density of 4 x 10* 
cellsAvell in fresh medium (100 yl per well) with 100 yg of penicillin and 100 pg 
of streptomycin and cultured at 37°C with 5% CO). 

Cytopathic effect reduction assay. HCoV-NL63 (isolate Amsterdam 1) was 
obtained from a virus culture on LLC-MKz2 cells as described previously (55). 
The infectious titer of the virus was determined according to the Reed and 
Muench formula (46) on an LLC-MK2 cell monolayer. The virus stock has a titer 
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TABLE 2. siRNA oligonucleotide sequence 


Transfected 


RNA Oligonucleotide sequence 


siRNA1-NL63¢ 
Sense 
Antisense .. 


«© (GGA AUU AUA CGU UCU UCA A) dTdT 
«i (UUG AAG AAC GUA UAA UUC C)dAdG 


siRNA2-NL63 


«..< (AGG UUA AUA UAU CUC UUA A) dTdT 


Antisense .. ...©(UUA AGA GAU AUA UUA ACC U)dGdG 


siRNA3 control 
Sense 
Antisense .. 


«© (GAC CAC AGU GAU UAC AGA U) dTdT 
«..« (AUC UGU AAU CAC UGU GGU C)dTdT 


* Coordinates of the target sequences are nucleotides 21980 to 22000 and 
nucleotides 22384 to 22404 in the HCoV-NL63 genome for siRNA1 and 
siRNA2, respectively. The target for control siRNA3 is the collybistin 1 gene of 
Rattus norvegicus, nucleotides 1190 to 1208. 


of 2 x 10° 50% tissue culture infectivity doses/ml. For the CPE reduction assay, 
cells were treated with serially diluted compounds and infected with HCoV- 
NL63 at a multiplicity of infection of 0.01. The CPE was scored visually at day 6 
postinfection and confirmed with an MTS assay. Experiments were performed in 
quadruplicate. 

Immunostaining-based HCoV-NL63 infection inhibition assay. Virus entry 
inhibition by the HR2 peptide was analyzed on LLC-MK2 cells in 96-well plates 
(4 x 10* cells per well). Cells were inoculated with HCoV-NL63 at a multiplicity 
of infection of 0.5 in the presence of serial dilutions of the peptides. The MHV 
HR2 peptide was included as a negative control. After incubation for 24 h, cells 
were washed with phosphate-buffered saline (PBS), fixed with 3% formaldehyde 
for 20 min, and permeabilized with 1% Triton X-100 in PBS for 5 min. After they 
were washed twice with PBS and blocked with PBS-5% fetal calf serum, the 
HCoV-NL63-positive cells were detected by intracellular peroxidase staining 
using a human polyclonal serum (1:200) in combination with a biotinylated 
antihuman antibody (1:250) and the VECTASTAIN ABC kit (Vector Labora- 
tories). The reaction mixture was developed with 3-amino-9-ethylcarbazole 
(AEC; Sigma) according to the manufacturer’s instructions. Experiments were 
performed in duplicate. Infected cells were counted using a light microscope. 

Drug cytotoxicity. Cytotoxicity of the compounds was determined by measuring 
mitochondrial activity on day 6 posttreatment with MTS (CellTiter 96 AQ cous 
one solution cell proliferation assay; Promega) according to the manufacturer’s 
instructions. Cytotoxicity measurements were confirmed by determining the 
mRNA levels of the household gene encoding glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH). Experiments were performed in duplicate. 

Transfection of LLC-MK2 cells with siRNA. Transfection with siRNA was 
performed with Lipofectamine 2000 (Invitrogen) according to the manufactur- 
er’s protocol. siRNA-transfected cells were infected with HCoV-NL63 after 24 
hours. 

Reverse transcription-PCR and real-time quantitative PCR. Total RNA was 
extracted from the medium and cells by the silica-affinity-based Boom extraction 
method (11) and eluted in 100 wl water. Reverse transcription was performed 
with Moloney murine leukemia virus reverse transcriptase (Invitrogen) (200 U 
per reaction) and 10 ng of random hexamers (Amersham Biosciences) in 10 mM 
Tris, pH 8.3, 50 mM KCl, 0.1% Triton X-100, 6 mM of MgCl), and 50 1M of 
each deoxynucleoside triphosphate at 37°C for 90 min in a total volume of 40 yl. 

Virus yield was determined with real-time PCR, using the Platinum quantita- 
tive PCR SuperMix-uracil-DNA glycosylase (Invitrogen). Ten microliters of 
cDNA was amplified in 50 pl 1x Platinum quantitative PCR SuperMix-uracil- 
DNA glycosylase (Invitrogen) with 125 nM of MgCl5, 10 4M of specific probe 
labeled with FAM (6-carboxyfluorescein) and TAMRA (6-carboxytetramethyl- 
rhodamine), and 45 M of each primer. The following primers were used for 
HCoV-NL63: sense, 5’-GCGTGTTCCTACCAGAGAGGA-3’; antisense, 5’-G 
CTGTGGAAAACCTTTGGCA-3’; and probe, 5’-FAM-ATGTTATTCAGTG 
CTTTGGTCCTCGTGAT-TAMRA-3". The reaction was carried out on a Taq- 
Man machine (ABI). Following the denaturation step for 2 min at 50°C and 5 
min at 95°C, 45 cycles of amplification were performed for 15 s at 95°C and 60s 
at 60°C. 

Nucleotide sequence accession numbers. The sequence for HCoV-NL63 iso- 
late Amsterdam 57 described in this study was deposited in GenBank under 
accession number DQ471450. The GenBank accession number for HCoV-NL63 
isolate Amsterdam 1 is NC_005831; that for HCoV-229E is AF304460; and that 
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FIG. 1. CPE induced by HCoV-NL63 on LLC-MKz2 cells. 


for porcine epidemic diarrhea virus strain CV777 is AF353511. The sequence of 
the GAPDH gene (LLC-MK2 cells derived from Macaca mulatta) was deposited 
in GenBank under accession number DQ445913. 


RESULTS 


HCoV-NL63 inhibition assay. The inhibition of HCoV- 
NL63 infection can be determined using several assays. The 
most straightforward assay is based on the reduction of CPE. 
Six days after infection, HCoV-NL63-infected LLC-MK2 cells 
exhibit evident morphological changes consisting of cell en- 
largement, rounding, and, eventually, detachment from the 
surface (Fig. 1). Thus, infecting the target cells in the presence 
of serially diluted candidate antiviral agents provides a means 
of visualizing their inhibitory activity by scoring the reduction 
in CPE. LLC-MK2 cells seeded on the 96-well culture plate 
and subsequently infected with HCoV-NL63 in the presence of 
serially diluted compounds were scored for CPE using phase- 
contrast microscopy. Agents that showed antiviral activity in 
this initial assay were subsequently tested by measuring the 
virus yield at active concentrations of the compound. 

Virus neutralization by purified human immunoglobulin G 
(IgG). Sera from virtually all healthy adults contain HCoV- 
NL63 antibodies (34). To determine the neutralizing potential 
of these antibodies, we tested 10 randomly selected human 
sera from healthy adults by the CPE reduction assay. All tested 
sera inhibited HCoV-NL63 infection at 25- to 50-fold dilu- 
tions, illustrating that the majority of adults carry neutralizing 
antibodies against HCoV-NL63. 

To further explore the potential of neutralizing antibodies in 
antiviral therapy, we tested pooled purified human IgG from 
healthy donors (intravenous immunoglobulin [IVIG]). In fact, 
IVIG is part of the effective routine treatment for Kawasaki 


patients (43) and several immunodeficiency syndromes (23, 
31). The CPE reduction assay demonstrates that this agent 
is very active against HCoV-NL63 infection (Fig. 2A). To 
confirm that CPE reduction is an accurate measurement of 
virus inhibition, the virus yield was determined for each 
serial IVIG dilution (Fig. 2B). The virus yield also allows a 
more precise measurement of the IC5, value, which was 200 
ug/ml for IVIG. This concentration is ~10 times lower than 
the dose advised for treatment (2 g/kg of body weight) (43). 
The cell survival assay indicated that [VIG has a very low 
cytotoxicity (CCs) > 10 mg/ml), thus yielding a high selec- 
tivity index (CC.,/IC5, > 50). 

Inhibition of cell entry. The spike protein of HCoV-NL63 is 
a class I fusion glycoprotein consisting of a globular S1 domain 
that recognizes the receptor and a rodlike S2 domain involved 
in membrane fusion. After receptor binding and virus inter- 
nalization, the S protein undergoes a structural switch, result- 
ing in the exposure of the fusion peptide (13, 27). The HR1 
and HR2 regions in the $2 domain rearrange and interact 
during the structural switch. Blocking this interaction between 
HR1 and HR? provides an effective antiviral strategy (12, 13). 
The HCoV-NL63 spike protein contains HR1 and HR2 re- 
gions with a characteristic 7-residue periodicity. HR2 is lo- 
cated adjacent to the transmembrane domain, and HRI is 
about 170 residues away, toward the N terminus. In all 
coronaviruses, HR1 is consistently larger than HR2, and all 
group 1 coronaviruses, including HCoV-NL63, show a re- 
markable insertion of two heptad repeats (14 amino acids) 
in both HR regions (13, 21). 

Peptides corresponding to the HCoV-NL63 HR1 and HR2 
regions were prepared with the bacterial glutathione S-trans- 
ferase expression system and purified by using reverse-phase 
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FIG. 2. Inhibition of HCoV-NL63 by IVIG. (A) CPE reduction mediated by IVIG. Filled circles indicate CPE development, empty circles 
indicate the absence of CPE, and the half-filled circle represents the development of CPE in 50% of wells. (B) Decrease in HCoV-NL63 virus yield 
after IVIG treatment and cell viability assay. Numbers on the y axis represent the percentages of produced virus and percentages of viable cells. 


high-performance liquid chromatography. It was previously 
shown for SARS-CoV and MHV (12, 13) that mixing HR1 and 
HR2 peptides leads to the assembly of an oligomeric complex 
that is resistant to 2% sodium dodecyl sulfate (SDS) (13). 
Using the same approach, we observed that the HR1 and HR2 
peptides of the HCoV-NL63 spike protein behaved in a similar 
manner, forming an SDS-resistant oligomeric complex in an 
equimolar mixture (Fig. 3A). 
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The HR2 peptide was subsequently tested for its inhibitory 
potency in the CPE reduction assay. Concentration-dependent 
inhibition of HCoV-NL63 infection was observed with an ICs, 
value of ~0.5 »M and a CCs, value of >20 1M (Fig. 3B and 
C). This effect is sequence specific, because no inhibition was 
seen with a corresponding peptide derived from the HR2 re- 
gion of MHV (MHV-HR2) that is known to block MHV in- 
fection (13) (Fig. 3D). 


eee virus yield - # - cell viability 
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HR2 concentration [uM] 
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HR2 concentration [uM] 


FIG. 3. Inhibition of HCoV-NL63 by the HR2 peptide. (A) SDS-polyacrylamide gel electrophoresis analysis of HR peptides separately and the 
HR1/HR2 complex formation. The molecular mass of the complex corresponds to the predicted heterohexamer. (B) CPE reduction mediated by 
HR2 peptide. Filled circles indicate CPE development, empty circles indicate the absence of CPE, and the half-filled circle represents the 
development of CPE in 50% of wells. (C) Decrease in HCoV-NL63 virus yield after HR2 treatment and cell viability assay. Numbers on the y axis 
represent the percentages of produced virus and percentages of viable cells. (D) Immunostaining-based HCoV-NL63 infection inhibition assay. 


Values on the y axis represent the percentages of infected cells. 
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siRNA 1 


HCoV-NL63 Amsterdam 1 22370 TGATTATGTT GGT. 
HCoV-NL63 Amsterdam 57 22370 MTGATTATGTT GGT. 
HCoV-NL63 NL 22353 TGATTATGTT GGT. 
HCoV-229E 21700 TAACTTTGTT AAAT' 
PEDV 22368 TGATTACCTG TCTT’ 


siRNA 2 


HCoV-NL63 Amsterdam 57 21962 TTATGTTTGT AAACCA 
HCoV-NL63 NL 21945 TTATGTTTGT AAACCAC 
HCoV-229E 20965 TTTGTTTAAA ACATCTTATG 
PEDV 22314 TTATGTGTCT AAATCACAGG Bra: CHEE NTC TCegyTyCy 


HCoV-NL63 Amsterdam 1 21962 TTATGTTTGT ace A 
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CCAG TCACTTGCTG 
CCAG TCACTTGCTG 
CCAG TCACTTGCTG 
AAAG GATATACCCG 
WCCAGC CTTTTGGCTG 


GTIERTET ME TET GT ACCAACAACA 


FIG. 4. Sequence alignment illustrating conservation and specificity of siRNA target sequences in different HCoV-NL63 isolates. PEDV, 


porcine epidemic diarrhea virus. 


Previous studies examined the antiviral activity of HR pep- 
tides (for coronaviruses) by immune peroxidase staining of 
infected cells after 24 h. Using this method, the IC; was ~0.5 
uM (Fig. 3D), identical to the value measured in the CPE 
reduction assay. NL63-HR2 exhibits the same powerful antivi- 
ral potency as the MHV-HR2 peptide against MHV infection 
(IC5, of 0.9 wM [13]). The activity of NL63-HR2 is much 
higher than the inhibiting activity described for the corre- 
sponding SARS-CoV HR2 peptide (ICs, of 17 ~M [12]). 

Targeting the viral RNA by RNA interference. siRNA-me- 
diated degradation of the incoming full-length HCoV-NL63 
genome will prevent transcription and, thus, virus production. 
We selected two siRNAs that target the S gene based on an 
algorithm for optimal siRNA design and the lack of comple- 
mentarity with host gene sequences (Table 2). The siRNAs 
were designed against sequences that are conserved among 
HCoV-NL63 isolates, thus providing a broad antiviral activity. 
The target sequence is absent in other coronaviruses, as illus- 
trated in Fig. 4, for the closest group 1 relatives, HCoV-229E 
and porcine epidemic diarrhea virus. 

To examine the inhibitory capacity of HCoV-NL63-specific 
siRNA, we transfected cells with the synthetic siRNAs and 
subsequently infected them with HCoV-NL63. Transfection of 
siRNA1 and siRNA2 significantly inhibited the development 
of CPE, whereas transfection of the control siRNA3 did not 
(Fig. 5A). The latter result indicates that the transfection pro- 
cedure does not interfere with CPE production and virus rep- 
lication and that siRNA1 and siRNA2 inhibit HCoV-NL63 in 
a sequence-specific manner. The IC;,s are ~5 nM and ~3 nM 
for siRNA1 and siRNA2, respectively (Fig. 5B). The CCs, 
values are higher than 200 nM. These results were confirmed 
by real-time reverse transcription-PCR analysis of the viral 
RNA load in the culture medium (Fig. 5C and D). 

Inhibition of HCoV-NL63 with nucleoside analogues. A ra- 
tional approach to the development of drugs for the treatment 
of HCoV-NL63 infection in patients is to identify compounds 
that specifically inhibit viral RNA replication. There are sev- 
eral possible mechanisms of action of nucleoside analogues: 
chain termination resulting from incorporation into elongated 
RNA strands, interference of these compounds with nucleo- 
tide synthesis, or inhibition of the viral polymerase. We tested 
two nucleoside analogues: B-p-N*-hydroxycytidine and 6-aza- 
uridine. 

6-Azauridine is a uridine analogue with a histidine-like N-3 
pK, (Fig. 6A). It is used as an antineoplastic antimetabolite as 
it interferes with pyrimidine biosynthesis, thereby preventing 


the formation of cellular nucleic acids. The antiviral effect of 
6-azauridine has previously been documented for several virus 
types in vitro (19, 42), including coronaviruses (3, 18). This 
compound may thus act as a broad antiviral agent. We found 
that 6-azauridine is also an efficient inhibitor of HCoV-NL63 
replication. The CPE reduction assay and viral yield determi- 
nation indicate that the IC5, value is 35 nM (Fig. 6B and C). 
The CCs, value determined in the MTS assay is about 80 wM, 
a value consistent with previous reports (19). Thus, 6-aza- 
uridine exhibits a very high selectivity index for HCoV-NL63 
inhibition. 

The base-modified nucleoside analogue {-p-N*-hydroxy- 
cytidine (Fig. 7A) also inhibits HCoV-NL63 replication (Fig. 7B). 
The virus yield measurements indicate that the IC59 value is 
~400 nM (Fig. 7C). The CC5, value determined in the MTS 
assay is about 80 uM. 

Agents with low inhibitory activity against HCoV-NL63. Sev- 
eral other compounds were tested. We observed weak antiviral 
activity with ritonavir (16), the human immunodeficiency virus 
type 1 (HIV-1) protease inhibitor, at a concentration of >20 
uM but with a very low selectivity index (CC59, ~50 »M) 
(Table 3). Other HIV-1 protease inhibitors (nelfinavir, indina- 
vir, amprenavir, or saquinavir) did not show any anti-HCoV- 
NL63 activity. We observed inhibition of HCoV-NL63 with 
aurintricarboxylic acid (32, 36), an RNase and polymerase in- 
hibitor (22, 30), at a concentration of ~60 w.M, but we could 
not exclude the possibility that the effect was the result of an 
increased pH of the medium (Table 3). We measured no anti- 
HCoV-NL63 activity in the following compounds: calpain in- 
hibitors VI and III (4), glycyrrhizin (18), valinomycin (58), 
escin (58), ribavirin (41), dipyridamole (3), actinomycin D 
(38), and pentoxifylline (8). Several of these compounds have 
been reported to inhibit other coronaviruses. 


DISCUSSION 


The CPE reduction assay of HCoV-NL63-infected LLC- 
MK2 cells provides an easy and reproducible method for the 
evaluation of candidate antiviral compounds. We selected an- 
tiviral compounds that potentially target different stages of the 
HCoV-NL63 life cycle. Of the 28 compounds tested, we iden- 
tified 6 compounds that effectively inhibit HCoV-NL63 repli- 
cation. These compounds interfere at an early stage of virus 
replication: receptor binding, virus-cell membrane fusion, cy- 
toplasmic stability of viral RNA, and transcription (Table 2). 

All of the serum samples tested for the presence of neutral- 
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FIG. 5. Inhibition of HCoV-NL63 with two specific siRNAs. (A) LLC-MK2 cells transfected with 25 nM siRNA1 and siRNA2 and 50 nM 
siRNA3 and infected with HCoV-NL63. CPE was observed only in the culture transfected with control siRNA3. The images were taken 6 days 
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FIG. 6. Inhibition of HCoV-NL63 with 6-azauridine. (A) Structure 
of 6-azauridine. (B) CPE reduction mediated by 6-azauridine. Filled 
circles indicate CPE development, and empty circles indicate the ab- 
sence of CPE. (C) Decrease in HCoV-NL63 virus yield after treatment 
with 6-azauridine and cell viability assay. Numbers on the y axis rep- 
resent the percentages of produced virus and percentages of viable 
cells. 


izing antibodies against HCoV-NL63 were positive. Thus, it is 
not surprising that we also measured potent inhibition with 
IVIG, which is consistent for 95% of pooled human IgGs 
isolated from the sera of healthy donors. IVIG is approved as 
an intravenously delivered drug by the Food and Drug Admin- 
istration and is successfully used to treat several diseases, 
mostly primary immune deficiencies and autoimmune neuro- 
muscular disorders but also respiratory diseases (e.g., respira- 
tory syncytial virus) (33) and Kawasaki disease (50). The ef- 
fectiveness of [VIG therapy for Kawasaki disease supports the 
recent claim that HCoV-NL63 is the causative agent of this 
disease (28), although it does not provide independent evi- 
dence for such a correlation, especially because there is accu- 
mulating evidence against such an association (7, 26, 49). IVIG 
treatment may be applied to severe HCoV-NL63-related dis- 
eases, as the in vitro inhibitory concentration is about 10 times 
lower than the therapeutic dose advised for treatment. 

The spike proteins of coronaviruses are class I fusion pro- 
teins that exhibit a characteristic membrane fusion mechanism 
that is driven by conformational changes in the spike protein. 
The association of the HR1 and HR2 domains brings the 
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FIG. 7. Inhibition of HCoV-NL63 by §-p-N*-hydroxycytidine. 
(A) Structure of B-pD-N*-hydroxycytidine. (B) CPE reduction mediated 
by 6-p-N*-hydroxycytidine. Filled circles indicate CPE development, 
and empty circles indicate the absence of CPE. (C) Decrease in 
HCoV-NL63 virus yield after treatment with B-p-N*-hydroxycytidine 
and cell viability assay. Numbers on the y axis represent the percent- 
ages of produced virus and percentages of viable cells. 


fusion peptide that is located near the N terminus of HR1 in 
close proximity to the transmembrane domain, thereby facili- 
tating membrane fusion. Peptides corresponding to the HR1 
and HR2 domains were found to associate tightly with the 
prefusion complex, thus blocking the conformational switch, as 
has been observed previously for retrovirus and paramyxovirus 


TABLE 3. HCoV-NL63-inhibiting compounds 


Decrease Selectivity 
in virus index 
yield® (CC50/IC50) 


Antiviral agent ICs CCso 


IVIG 125 pg/ml >10mg/ml 3.42 x 10° >80 
Heptad repeat peptide 2M >40 pM 5.75 x 103 >20 
siRNA1 5nM >200 nM 6.54 x 10! >40 
siRNA2 3nM >200 nM 9.12 x 10! >66 
B-p-N*-hydroxycytidine 400 nM >100 »M 3.73 x 10% >250 
6-Azauridine 32nM 80 pM 1.59 x 10% 2,500 
Aurintricarboxylic acid 65 pM 300 .M ND? >4.6 
Ritonavir 20 pM 80 pM ND 4 


“With >50% of cells viable. 
» ND, not determined. 
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fusion proteins (10, 24). An NL63-HR2 peptide was able to 
inhibit HCoV-NL63 infection of LLC-MK2 cells in a concen- 
tration-dependent manner. The effect is supposedly mediated 
by the competitive binding of NL63-HR2 to the HR1 region of 
the HCoV-NL63 spike protein, thus blocking the conforma- 
tional switch and, consequently, the close apposition of the 
fusion peptide and transmembrane domain and, hence, mem- 
brane fusion. The NL63-HR2 peptide shows an antiviral po- 
tency against HCoV-NL63 similar to that of an MHV-directed 
HR2 peptide against MHV (13) but is more potent than the 
SARS-HR2 peptide (12) (IC59 values of 0.5, 0.9, and 17.0 ~M, 
respectively). We present the first report that HR regions 
present in the S protein of group 1 coronaviruses, which typi- 
cally contain a 14-amino-acid insert compared to group 2 coro- 
naviruses, associate into complexes and function similarly to 
group 2 HR peptides (12, 13). The success of the antiviral T20 
peptide against HIV-1 demonstrates the clinical potential of 
this class of new antivirals. 

Following fusion with the host cellular membrane, viral 
RNA is released into the cytoplasm of the host cell. We found 
that targeting HCoV-NL63 RNA by employing the RNA inter- 
ference machinery and transfection of cells with two siRNAs 
specific for HCoV-NL63 resulted in a profound inhibition of 
viral replication. The targeted RNA encodes the S glyco- 
protein, which initiates entry of the virus into susceptible cells; 
entry is medicated by binding to the cellular receptor, which 
leads to membrane fusion. The choice of the S gene as a target 
was also based on the theoretical sequence requirements for an 
effective siRNA. To avoid the possibility that sequence varia- 
tion among different HCoV-NL63 strains might restrict the 
inhibitory effect, we chose well-conserved target sequences in 
the S gene. The effectiveness of siRNA against respiratory tract 
diseases in a therapeutic setting was demonstrated recently by 
the intranasal administration of siRNA targeting respiratory 
syncytial virus, parainfluenzavirus, and SARS-CoV, with or 
without transfection reagents, in mouse and monkey models 
(9, 39, 59). Inhaled siRNA in low doses may offer a fast, potent, 
and easily administered antiviral tool against HCoV-NL63 in- 
fection in humans. 

The HCoV-NL63 positive-strand RNA is copied by the vi- 
ral-RNA-dependent RNA polymerase via a negative-strand 
intermediate. We tested two pyrimidine nucleoside analogues 
that could potentially interfere with transcription: B-D-N*-hy- 
droxycytidine and 6-azauridine. Nucleoside analogues may be 
incorporated in the new nascent strand during transcription 
and cause chain termination. Several pyrimidine ribonucleo- 
side analogs, including 6-azauridine (44, 57), act as antime- 
tabolites, exerting pharmacological effects in their monophos- 
phate forms by inhibiting UMP synthase (17) and thereby 
interfering with UTP metabolism. Additionally, incorporation 
of the nucleoside analogues may change the processivity and 
fidelity of transcription. This change results in an increased 
mutagenicity rate that forces the replicon into “error catastro- 
phe,” as described previously for ribavirin (1, 20). Nucleoside 
analogues are known for their inhibition of several types of 
viruses, including HIV, pestivirus, hepacivirus, flaviviruses, hep- 
atitis C virus, West Nile virus, feline infectious peritonitis virus, 
and SARS-CoV (4, 5, 35, 42, 48, 51, 52). Both compounds 
show very potent antiviral activities, with IC59 values of 35 and 
400 nM for -p-N*-hydroxycytidine and 6-azauridine, respec- 
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tively. Relatively high cytotoxicity is compensated for by low 
IC,, values and thus a high selectivity index. 

Recent data indicate that HCoV-NL63 is the most prevalent 
human coronavirus that is associated with acute respiratory 
diseases, croup, and possibly Kawasaki disease in children. The 
lack of an effective vaccine or drug motivated us to design and 
evaluate therapeutic agents that could inhibit viral replication 
and thus provide a potential therapy for treating acute respi- 
ratory illness of children and immunocompromised patients. 
Combined with fast diagnostic tools to recognize HCoV-NL63 
infection, these antivirals may provide a more appropriate 
therapy than the routine treatments with steroids, adrenaline, 
and antibiotics. The agents described in this report may be 
used in a mono- or multidrug therapy setting, thereby inhibit- 
ing viral infection at different stages of the replication cycle. 
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